Further Characterization of Herpes Virus Persistence
SUMMARY Infection of cell cultures with herpes simplex virus type I (HSV-I) under standard culture conditions yielded persistently infected cells capable of continued growth in the presence of virus and of forming colonies in agarose. The ability of an infected culture to yield cells able to survive HSV-I infection was directly related to the presence of S phase cells (cells actively engaged in DNA synthesis) at the time of infection. Only when very high multiplicities of infecting virus (> Io) were used did cultures fail to yield persistently infected cells capable of colonial growth in agarose. Cell clones derived from colonies grown in agarose established cell cultures which possessed all the characteristics of HSV-I persistently infected cultures. When cultures were cloned a second time in agarose, as a rare event, cell cultures which did not immediately liberate infectious virus could be isolated. These cell cultures, however, possessed an increased resistance to superinfection by HSV-I. On continued cultivation they reverted to persistence as exhibited by the sudden onset of virus cytopathic effects and release of infectious virus.
The herpes simplex virus (HSV) persistently infected cells described by co-workers (1965, I966a, b, c, 1969) and Nii 0969, I97o) were isolated following HSV infection in the absence of artificial inhibitors of virus replication or of cell supportive measures such as addition of virus-specific antibody to the culture medium (Hoggan & Roizman, I959; Wheeler & Canby, I959; Fernandetz, I96o; Hinze & Walker, i961; Szanto, 1963; Waddell & Sigel, 1966) , maintenance of cultures at suboptimal or elevated temperatures (Coleman & Jawetz, I961 ; Darai & Munk, I973) , use of medium deficient in certain nutrients (Permont & Morgan, I959), prior infection with a second virus to stimulate interferon production (Glasgow & Habel, I963) or addition of interferon to the culture medium (Glasgow & Habel, I963) . Persistence was characterized by cycles of virus multiplication and cell destruction followed by cell re-growth. In this report, some characteristics of BHK-2t and Balb/3T 3 cells persistently infected with HSV are described. These cells appeared to be analogous to those described previously by Hampar and co-workers 0965, I966a, b, c, I969) and Nii (I969, I97O) following infection of Chinese hamster and Earle's L cells with HSV. Furthermore, BHK-2I and Balb/3T3 persistently infected cells were capable of growth in agarose containing medium, a characteristic previously ascribed only to transformed cells.
For the studies described here, BHK-2I/I3 and Balb-3T3 A3I cells were obtained from the American Type Culture Collection. Cells were grown at 37 °C in Eagle's medium with io% foetal bovine serum (FBS). The Patton strain of HSV-I was obtained from F. Rapp. Virus was passaged twice in BHK-2I cells at a low multiplicity of infection (m.o.i.) and this inoculum was used throughout the study. Cell cultures were infected by replacing the growth medium with either 1 ml (IOO x 15 mm plates) or o'2 ml (6o x r5 mm plates) of virus in Eagle's medium without serum. After I h the inoculum was removed and replaced with fresh medium containing Io% FBS. oo22-1317/79/oooo-35o6 $02.00 ©I979 SGM Short communications After HSV-r infection of BHK-2I or Balb/3T 3 cells, microscopic observation demonstrated an expanding development of virus cytopathic effects (c.p.e.). Cell rounding and lifting progressed and at several days post-infection (p.i.) no attached, surviving cells were observed. However, when cultures were allowed to incubate undisturbed for 2 to 3 weeks after infection, new areas of attached cells appeared. Daily media changes after infection prevented the appearance of these centres of cell replication. However, once surviving cells became evident, regular medium changes allowed their continued growth. The cultures contained a spectrum of cell types ranging from phenotypically normal, attached forms to areas of rounded, exfoliating cells. Some of these exfoliating cells appeared to be viable since they could be used to generate subcultures by seeding suspended cells from the fluid phase into new culture dishes as described by Nii (t969, 197o) . All cultures and subcultures generated in this manner conti~;ued to liberate infectious virus.
Our initial observations of HSV-I persistence were made with BHK-2~ cells. These observations have been largely repeated with Balb/3T3 cells. There were some differences between the two persistently infected cell lines generated, however. For example, when HSV-I persistently infected BHK-2! cells were suspended by trypsinization, centrifuged through FBS and then subcultured, a marked degree of virus c.p.e, or cell crisis became evident. In part, crisis was seen as a reluctance of cells to re-initiate contact with the growth surface. The number of suspended cells in persistently infected cultures was always much greater than the number seen in non-infected cultures. Cells were observed which did not successfully maintain surface contact. These cells rounded up and exfoliated with what appeared to be typical virus c.p.e. The initial cell crisis decreased somewhat on continued incubation. The lowest level of virus c.p.e, occurred about 3 days after subculture, only to be replaced by further cycles of exfoliation and re-growth upon continued incubation. Continued attempts to propagate persistently infected cultures by trypsinization often resulted in the eventual loss of the culture through crisis (i.e. a sudden, widespread expression of virus c.p.e, within the culture).
Balb/3T3 cells, on the other hand, appeared much less sensitive to trypsin-induced cell crisis and showed little virus c.p.e, or cell exfoliation until high densities were reached. Then the onset of cell crisis was sudden and dramatic with large areas of cell rounding and exfoliation appearing in a plaque-like pattern across the culture surface.
When left undisturbed, both BHK-21 and Balb/3T3 persistently infected cell cultures established cyclic patterns of cell exfoliation followed by cell re-growth. Persistently infected cultures have been maintained by weekly medium changes for periods of 9 months or more and could be subcultured indefinitely by seeding cells suspended in the fluid phase into new culture dishes.
The growth stage of infected cell cultures appeared to be an important factor in the establishment of cells surviving HSV-I infection. In one experiment, BHK-2I and Balb/3T 3 cells were subcultured to yield confluent, high cell density cultures. Sister BHK-21 and Balb/3T3 cultures were subcultured at a I/4 dilution of the initial cell density and incubated for 24 h. All cultures were then infected with identical virus inocula at a m.o.i, of 3. After I h, the virus inoculum was replaced with Eagle's medium supplemented with IO% FBS and the cultures were incubated undisturbed at 37 °C for a week or more. HSV persistently infected ceils were found only in the cell cultures which had been subcultured 24 h earlier and were presumably actively growing at the time of infection.
These initial results suggested a relationship between the establishment of HSV-I persistently infected cultures and the cell cycle. To investigate this suggestion, synchronized BHK-2I cell populations were infected at intervals throughout the cell cycle and then examined for the development of centres of persistently infected cells. Partial synchrony of When the areas under each portion (G1, S, G2+ M) of the FMF profiles were quantified and the percentage of each cell population in these stages of the cell cycle determined, the cell cycle profiles illustrated in Fig. I were obtained . The results indicated that there was a peak of DNA synthetic activity I z to t 6 h after release from G1 arrest. After HSV-I infection of sister cell cultures at the same time intervals following release from G1 arrest, the ability of cells within the culture to survive HSV-t infection and establish persistent infection was noted. Only at I2 and 16 h post-release (Table I) were cells surviving HSV-I infection detected. Cultures infected either before I2 h or after r6 h did not contain surviving cells.
HSV-I persistently infected BHK-2I and Balb/3T3 cells demonstrated the ability to grow in agarose while uninfected cells did not. When synchronized BHK-2I cells were infected with HSV-I at various time intervals after release from G~ arrest and subsequently subcultured in o.25% agarose, colonies of cells were isolated (Table I) . These colonies were detected only when cells were infected 2o h post-release from Ga arrest. Similar colonies 
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--_ * BHK-2I cell cultures were infected in triplicate with HSV-I (m.o.i. 3) at the times indicated after their release from G~ arrest. All experiments were performed at least twice.
~" To detect surviving cells, approx. I x lo 6 synchronized cells were infected at the times indicated following release from Ga arrest. After infection the inoculum was replaced with fresh medium + io % FBS and cultures were incubated at 37 °C for 2o days and then examined for centres of cell growth. Persistence was established only in those cultures infected at the times indicated.
{ Following the infection of approx. 5 x 107 synchronized BHK-21 cells, cultures were suspended in Eagle's medium + 10% BFS containing 0.25 % agarose and poured into culture dishes containing a prehardened 5 to 8 ml basal layer. Cultures were maintained by the weekly addition of medium containing agarose and incubated up to 3o days at 37 °C. Uninfected cultures failed to yield cells capable of more than two to three divisions in agarose as did those synchronized cultures infected at times other than 2o h postrelease from G~ arrest. However, as many as 2 to 5 % of the infected cells were capable of forming colonies 1 mm or larger when synchronized cultures were infected 2o h post-release from Gx arrest.
were not detected when cells were infected at earlier or later time intervals or when uninfected control cells were plated at similar intervals after release from G1 arrest. The relationship of the cell cycle demonstrated here is delayed by one sampling period from that observed above. We propose that this difference reflects a difference in the two experimental protocols and results from the manipulation involved in agarose subculture of infected cells.
Numerous cell clones derived from HSV-I persistently infected cell cultures were isolated following growth in agarose. Clones were derived by suspending HSV-I persistently infected BHK-2~ or Balb/3T3 cells by treatment with trypsin, washing cells via centrifugation through FBS and plating them in Eagle's medium containing Io % FBS and o.25 % agarose. The round, slowly growing colonies were freed from agarose by excising a small block of agarose containing the colony and crushing it with a coverslip in a Petri dish containing Eagle's medium with IO% FBS.
The majority of clones derived from HSV-I persistently infected cell cultures had an appearance indistinguishable from the parental persistently infected culture. These clones: (i) continued to liberate infectious virus; (ii) were composed of a spectrum of cell types ranging from cells normal in appearance to cells expressing all degrees of HSV c.p.e.; and (iii) eventually re-restablished a cyclic pattern of cell exfoliation followed by re-growth. In general, a culture containing approx. ~ to 5 x IO 5 cells in lo ml medium contained IO 3 or less p.f.u./ml of infectious virus. During the course of these studies we derived a clone from HSV-I persistently infected Balb/3T3 cell cultures which did not release infectious virus. This clone was similar in appearance to the uninfected parental line with the exceptions that: (i) it did not exhibit density dependent growth as does the parental line; and (ii) it demonstrated resistance to superinfection by homologous virus. Thus, p.f.u, determinations of the same HSV-I inoculum on this agarose cloned cell line, the parental Balb/3T3 cell line and the TC-7 subline of CV-I cells yielded titres of lO 3, IO 8 to Io ~ and Ios p.f.u./ml, respectively. After several months in culture, this clone spontaneously began to release HSV and was lost.
The number of infecting virus particles did not appear to play an important role in the establishment of cells surviving HSV replication. When BHK-2I cell populations containing a large proportion of actively dividing cells were infected with HSV-J over a range of m.o.i. (O.Ol to 5"o), cells capable of survival and of establishing growth in agarose were readily isolated until very high densities of input virus were reached (IO p.f.u./cell). Thus, cells could be readily cloned in agarose to yield persistently infected cell populations following infection with HSV-I, unless greater than IO p.f.u./cell of infecting virus were used. Similar observations have been reported by Hampar & Copeland (I965) ; they found that persistent infections of MAL cells were initiated when cultures were infected with virus-cell ratios from 2 × IO -6 to 20 using the SAE strain of HSV.
The data from this study demonstrate that 0) under the proper conditions, many BHK-21 and Balb/3T3 cells survive 'normal' HSV-I infection to establish persistently infected cell cultures; (2) the establishment of HSV-I persistence confers to the cells the ability to grow in agarose-containing medium; (3) the establishment of persistence is dependent upon host cell factors (growth stage) and the infecting virus (m.o.i.).
HSV-~ persistence in BHK-2I and Balb/3T3 cells was initiated and maintained without the use of artificial measures that inhibit normal virus replication. It was not necessary to add virus-specific antibody to the culture medium, maintain cultures at elevated or suboptimal temperatures, use medium deficient in certain nutrients or stimulate interferon production.
We have demonstrated that HSV-~ persistently infected cells possess the ability to grow in agarose which is possibly the best in vitro correlate of cell transformation. Although HSV-I replication is independent of the cell cycle in BHK-2~ cells (Wilkie, 1973) , the establishment of persistence and the ability to demonstrate growth in agarose were found to be directly related to the cell cycle. A similar dependence on the cell cycle is generally observed with many oncogenic agents.
By employing synchronized BHK-2I cell populations a relationship between the survival of cells following HSV-I infection and the cell growth cycle was demonstrated. A similar although delayed relationship was observed between the cell cycle and the ability of cells to survive HSV-I infection and grow in agarose. The delay may arise from the trypsinization and manipulation procedures involved in agarose subculture and probably reflects an interruption of those cell cycle-related events necessary for the establishment of HSV-I persistence. In this regard, it is interesting to note that subculture of established HSV-I persistently infected cells by treatment with trypsin resulted in an interruption of persistence in some cells which was expressed as a culture crisis state. This effect was more marked in HSV-I persistently infected BHK-2I cells than in persistently infected Balb/3T3 cells. The morphological observations of this culture crisis state were accompanied by a characteristic shift in population DNA content when analysed by flow microfluorometry (Dunn et al. I978).
